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We  report  on  monolithic  integration  of  active  quantum  cascade  laser  (QCL)  materials  with  passive  waveguides 
formed  by  using  proton  implantation.  Proton  implantation  reduces  the  electron  concentration  in  the  QCL 
layers  by  creating  deep  levels  that  trap  carriers.  This  strongly  reduces  the  intersubband  absorption  and  the 
free-carrier  absorption  in  the  gain  region  and  surrounding  layers,  thus  significantly  reducing  optical  loss.  We 
have  measured  loss  as  low  as  a  =  0.33  cm-1  in  A  =  9.6  /am  wavelength  proton-implanted  QCL  material.  We 
have  also  demonstrated  lasing  in  active-passive  integrated  waveguides.  This  simple  integration  technique  is 
anticipated  to  enable  low-cost  fabrication  in  infrared  photonic  integrated  circuits  (PICs)  in  the  mid-infrared 
(A  ~  3  —  16  /im). 
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Photonic  integrated  circuits  (PICs)  enable  the  mono¬ 
lithic  integration  of  a  variety  of  components  such 
as  lasers,  amplifiers,  detectors,  wavelength  combiners, 
power  splitters,  and  so  forth.  Some  interesting  applica¬ 
tions  such  as  remote  sensing,  spectroscopy1 ,  and  phased- 
array  ladar2  benefit  from  scaling  the  output  power  of 
quantum  cascade  lasers  using  coherent3  or  wavelength 
beam  combining4.  For  these  and  other  applications,  in¬ 
tegrating  the  active  gain  material  with  the  relevant  pho¬ 
tonic  elements  monolithically  on  a  common  substrate  re¬ 
quires  passive  elements  having  low  optical  loss. 

Free-carrier  and  intersubband  transition  waveguide 
losses  in  QCLs  may  be  as  large5  as  aw  ~  14  cm-1  at 
wavelengths  of  ~  9  /im.  Therefore,  techniques  must  be 
developed  to  reduce  the  inherent  losses  in  the  active  ma- 
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FIG.  1.  Infrared  active-passive  integration  concept:  A  section 
of  a  quantum  cascade  laser  waveguide  is  selectively  proton  im¬ 
planted  to  reduce  the  free-carrier  and  intersubband  transition 
loss. 


a) 

Distribution  A:  Public  Release  This  work  is  sponsored  by  the 
Assistant  Secretary  of  Defense  for 

Research  and  Engineering  under  Air  Force  Contract  =#=FA8721-05- 
C-0002.  Opinions,  interpretations,  conclusions  and  recommenda¬ 
tions  are  those  of  the  author  and  are  not  necessarily  endorsed  by 
the  United  States  Government. 

Electronic  mail:  juan.montoya@ll.mit.edu 


terial  for  realization  of  low-loss  optical  elements.  One  ap¬ 
proach  to  achieving  low  loss  is  to  selectively  etch  and  re¬ 
grow  semi-insulating  materials. This  is  particularly  chal¬ 
lenging  in  the  infrared  where  the  waveguide  thickness  ap¬ 
proaches  several  microns.  Moreover,  the  regrown  passive 
waveguides  must  be  aligned  to  the  active  waveguides  to 
achieve  good  mode  matching  to  avoid  coupling  loss. 

Here  we  demonstrate  for  the  first  time,  an  alter¬ 
nate  approach  as  shown  in  Fig.l  which  utilizes  proton 
implantation6.  In  this  approach,  the  passive  waveguide 
is  selectively  proton  implanted  to  achieve  low  optical  loss. 
This  self-aligning  approach  achieves  good  mode  matching 
as  the  active  and  passive  waveguides  may  be  defined  in  a 
single  patterning  step.  Following  patterning,  metal  con¬ 
tacts  are  made  on  the  active  section,  and  the  active  sec¬ 
tion  quantum  cascade  laser  material  is  biased  to  achieve 
gain. 

Proton  (iL+)  implantation  reduces  the  free-carrier  con¬ 
centration  and  intersubband  absorption  by  creating  elec¬ 
tron  traps  in  the  material.  Previously,  proton  implanta¬ 
tion  was  used  to  electrically  isolate  and  control  the  cur¬ 
rent  path  through  QCLs7  9 .  Additional  consequences  of 
proton  implantation  are  to  strongly  reduce  intersubband 
and  free-carrier  absorption  in  the  QCL  gain  region  and 
surrounding  waveguide  layers.  In  this  work,  we  demon¬ 
strate  proton-implanted  QCL  waveguides  with  reduced 
optical  loss  and  the  first  monolithically  integrated  active 
QCL  and  passive  waveguide  using  this  approach. 

The  QCL  structure  was  based  on  a  Gain  As/ Alin  As 
broadband  bound-to-continuum  heterostructure  design5 
and  was  grown  by  organometallic  vapor  phase  epitaxy 
on  an  n-type  InP  substrate10.  A  3.5-/im-thick  Si-InP  (n 
=  1  x  10 17  cm-3)  lower  cladding  is  followed  by  a  0.52 
/im  thick  layer  of  GalnAs  (n  =  3  x  1016cm-3)  waveg¬ 
uide,  35-period  active  region5,  0.52  /im  of  GalnAs  (n  = 
3  x  1016cm-3)  upper  waveguide,  3.5  /im  Si-InP  (n  =  1 
x  1017cm-3)  upper  cladding,  0.5  /im  Si-InP  (n  =  5  x 
1018cm-3)  plasmon  layer,  and  20  nm  Si-GalnAs  (n  =  1.8 
x  1019cm-3)  contact  layer.  No  attempt  was  made  to  re- 
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duce  the  carrier  concentration  below  typical  QCL  doping 
levels.  The  QCL  lased  at  A  ~  9.6  /im11,12. 

The  QCL  materials  were  proton  implanted  to  suffi¬ 
ciently  compensate  the  intentionally  doped  QCL  mate¬ 
rials.  A  model13  was  implemented  to  estimate  the  free- 
carrier  loss  as  a  result  of  the  proton  (i7+)  implants.  The 
carrier  concentration  is  given  by  no  =  Nce~^Ec~Ef^kT 
where  Nc  relates  to  the  density  of  states  in  the  conduc¬ 
tion  band  (Nc  ~  6  x  1017  cm-3  in  InP),  Ec  is  the  conduc¬ 
tion  band  energy,  Ef  is  the  Fermi  level  energy,  and  kT  is 
the  product  of  the  Boltzmann  constant  and  temperature. 
The  proton  implants  create  trap  energies  that  reside  ~ 
0.2-0. 3  eV  below  the  conduction  band  edge  in  InP13.  In 
the  high-dose  limit,  which  we  assume  is  the  case  here,  we 
assume  that  the  Fermi  level  is  pinned  to  the  trap  energy 
level.  This  is  expected  to  result  in  a  residual  free-carrier 
concentration  of  no  ~  1014  cm-3  after  implantation,  and 
below  our  target  level  of  10 15  cm-3,  which  we  anticipate 
to  result  in  an  optical  loss  of  a  <  0.1  cm-1.  The  loss 
in  each  waveguide  layer  is  assumed  to  scale  as  oti  =  0.7 
cm-1  x  ( i0^m)r,  where  the  loss  value  at  A  =  10  fim 

is  estimated  from  the  reported  literature  values14  based 
on  loss  measuurements  in  InP  as  a  function  of  carrier- 
concentration  n  .  The  free-carrier  loss  scales15  with  a  Ar 
dependence  where  the  exponent  r  depends  on  the  dom¬ 
inant  scattering  mechanism  and  varies  from  1.5  to  3.5. 
Alternate  loss  estimates  may  be  arrived  at  assuming  a 
classical  Drude  model  and  wavelength  scaling  with  a  A2 
dependence. 

A  proton  implant  schedule  using  a  software  package 
SRIM16  was  designed  to  achieve  a  uniform  proton  con¬ 
centration  of  ~  1017  cm-3  to  compensate  the  doped  QCL 
layers.  The  schedule  used  energies  from  100-800  keV  with 
dose  variations  ranging  from  from  2  to  6  x  1013  cm-2. 

Both  passive  waveguides  and  integrated  active  and  pas¬ 
sive  waveguide  structures  were  fabricated.  For  passive 
waveguides,  ridges  12  /im  wide  and  3  mm  long  were  first 
fabricated  and  then  proton  implanted.  For  the  mono- 
lithically  integrated  active  and  passive  waveguide  struc¬ 
ture,  the  passive  waveguide  material  was  first  proton  im¬ 
planted,  and  then  ridges  were  fabricated. 

Loss  measurement  were  performed  by  using  a  mode- 
hop  free  tunable  QCL  (A  ~  9.6  g m).  Figure  2  shows  the 
transmission  through  a  3.0  mm  long,  12  g m  wide  ridge, 
proton-implanted  waveguide.  The  resulting  transmission 
curve  is  illustrated  in  Fig.  2.  Also  shown  in  Fig.  2  is 
the  transmission  for  an  unimplanted  sample.  From  the 
implanted  data  we  estimate  a  free-spectral  range  (FSR) 
~  0.49  cm-1  from  which  we  estimate  a  group  index 
rig  ~  3.4.  We  note  that  the  group  index  is  always  larger 
then  the  modal  index  in  this  material  and  is  in  good 
agreement  with  reported  values  for  similar  structures17. 
The  contrast  7  of  the  interference  fringes  observed  in 
transmission  is  defined  as  7  =  Emax~Emin  where  Pmax 

.  *  max  min  . 

and  Emin  are  the  maximum  and  minimum  of  the  mtefer- 
ence  fringes  respectively.  From  the  measured  data  shown 
in  Fig.  2,  we  estimate  a  contrast  7  =  0.47.  Using  this 
contrast,  we  can  estimate  the  waveguide  loss  aw  by  the 


following  expression18 


1 ,  i-y(i-72) 

aw  =  —~L  n  - 


(1) 


In  the  loss  expression,  the  facet  reflectivity  is  related  to 
the  surrounding  index  no  =  1  and  the  waveguide  modal 
index  neff  ~  3.2  by  R  =  ("°~"7)2  ~  °-27-  Using  this 

value  for  R  we  estimate  a  loss  of  a  =  0.33  cm-1  for  our 
L=3.0  mm  wet-etched  waveguide  at  a  A  =  9.6  g m  wave¬ 
length.  The  transmission  through  the  unimplanted  sam¬ 
ple  is  also  shown  in  Figure  3  for  comparison.  We  note 
that  the  contrast  is  degraded  as  anticipated  for  larger 
losses.  From  the  unimplanted  data,  we  estimate  the  con¬ 
trast  to  be  less  than  7  percent  with  large  uncertainty  due 
to  the  signal  to  noise  ratio  in  the  data.  Inserting  this 
contrast  into  the  loss  expression  in  Eq.  1,  we  estimate 
the  loss  to  be  greater  than  7  cm-1. 

Given  the  large  uncertainty  in  the  fringe-contrast  mea¬ 
surement  for  large  loss  ( aL  ~  l)18,  we  have  turned  to 
alternate  methods  based  on  observation  of  the  threshold 
dependence  on  cavity  length  to  provide  a  better  estimate 
of  the  waveguide  loss.  The  current  density  threshold  de¬ 
pendence  in  a  QCL  may  be  expressed  in  terms  of  a  mirror 
loss  am  and  waveguide  loss  aw  as  in 


Jth  = 
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where  g  is  a  differential  gain  ,  T  is  the  confinement 
factor,  and  the  mirror  loss5  is  given  by  am  =  In  R. 

Shown  in  Fig.  3  is  the  power  as  a  function  of  cur¬ 
rent  measured  from  a  QCL  cut-back  to  different  lengths 
(L=3.0  mm  and  L=5.0  mm)  taken  under  pulsed  condi¬ 
tions  (200  ns  pulses  with  a  0.02  percent  duty  cycle).  We 
can  use  the  threshold  current  density  relation  expressed 
in  Eq.  2  to  solve  for  the  waveguide  loss  aw  as  we  vary  the 
mirror  loss  by  varying  the  waveguide  length  for  our  as¬ 
sumed  reflectivity  R.  We  note  that  the  current  threshold 
may  be  related  to  the  current  density  (Jth  =  Jth^effL) 
where  weff  is  an  effective  ridge  width.  Furthermore, 
to  solve  for  the  waveguide  loss  it  is  convenient  to  ex¬ 
press  aw  in  terms  of  a  ratio  of  threshold  measurements 
(/ 3  =  Jth,LJ1th  Jfh,L2 )  for  cavity  lengths  L\  and  L 2  in  order 
to  cancel  common  terms  7,  weff,g  which  are  not  needed 
to  solve  for  aw.  In  doing  so,  we  find  aw  =  12.3  cm-1. 
We  note  that  this  loss  value  compares  favorably  with  re¬ 
ported  loss  values  of  14  cm-1  in  the  literature5. 

In  an  effort  to  fully  demonstrate  the  utility  of  the  pas¬ 
sivation  technique  we  have  integrated  an  active  and  pas¬ 
sive  waveguide.  A  microscope  image  of  a  typical  inte¬ 
grated  waveguide  is  shown  in  Fig  4.  The  fabrication  of 
the  integrated  active  and  passive  waveguide  structure  is 
described  as  follows:  A  thin  silicon  nitride  film  was  blan¬ 
ket  deposited  onto  the  grown  structure.  A  7  /im  thick 
silver  film  was  deposited  and  used  to  selectively  mask 
the  active  region.  A  software  package  SRIM  was  used 
to  determine  the  silver  film  thickness  required  to  protect 
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FIG.  2.  Transmission  through  a  3  mm  (blue)  proton- 
implanted  and  (green)  unimplanted  QCL  waveguide  as  a  func¬ 
tion  of  wavelength.  A  FSR  of  ~  0.49  cm-1  was  inferred  from 
the  data.  The  fringe  contrast  of  the  implanted  waveguide  was 
measured  to  be  47  percent  consistent  with  a  loss  of  atw  =  0.33 
cm-1.  The  unimplanted  sample  resulted  in  a  fringe  contrast 
<  7  percent  consistent  with  a  loss  a  >  7  cm-1. 


FIG.  4.  Microscope  image  of  an  integrated  active  and  pas¬ 
sive  waveguide.  A  transition  region  is  shown  between  the 
active  and  passive  waveguides  as  a  result  of  the  microfabrica¬ 
tion  processing  of  two  regions  with  different  thicknesses.  The 
metal  was  recessed  to  accommodate  lateral  spreading  of  the 
protons. 


FIG.  3.  Power  versus  current  (LI)  data  measured  from  a  QCL 
laser  of  different  lengths  used  to  extract  the  waveguide  loss. 
LI  curves  are  shown  for  a  (red)  3  mm  long  active  waveguide 
and  a  (blue)  5  mm  long  active  waveguide. 


the  active  region  from  the  most  energetic  protons.  The 
sample  was  subsequently  proton  implanted.  The  implant 
mask  was  then  removed  using  a  standard  wet-etch  pro¬ 
cess.  The  12  /im  wide  ridge  waveguides  were  then  pat¬ 
terned  and  contacts  were  formed  in  the  active  region.  We 
note  that  the  contact  metal  was  recessed  approximately 
20  fi m  from  the  active-passive  junction  to  accommodate 
any  straggle  (lateral  spreading)  of  the  proton  implants. 
It  should  also  be  noted  that  a  process  was  used  to  pre¬ 
vent  the  temperature  from  rising  beyond  70  °C  to  prevent 
the  implantation-induced  traps  from  being  annealed,  and 
thus  increasing  the  loss  in  the  passive  region19. 

The  threshold  condition  in  an  active-passive  waveguide 
may  be  derived  under  the  constraint  that  the  gain  com¬ 
pensates  for  the  cavity  losses  which  may  be  expressed  as 
1  =  Re^ALA-0/-ALA-ocpLp)  ^  where  ra  {s  the  length  of  the 
active  region  with  gain  gA,  and  Lp  is  the  length  of  the 
passive  region  with  loss  ap.  For  convenience,  we  can  de¬ 
fine  an  effective  mirror  loss  earnLA  =  R  referenced  to  the 
active  region  such  that  <am  =  .  This  definition  al¬ 

lows  us  to  modify  Eq.  2  to  take  into  account  the  passive 


waveguide  section  as  expressed  below: 


Jth  = 


+  OLA  +  OLp 
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(3) 


We  note  that  Eq.  3  reverts  to  Eq.  2  in  the  limit 
that  Lp= 0.  Having  a  measured  and  assumed  am, 
we  can  solve  Eq.  3  for  ap  simply  by  varying  the  pas¬ 
sive  waveguide  length  Lp  and  observing  the  change  in 
threshold.  Following  a  similar  development  to  the  active- 
only  threshold  measurements,  we  can  define  a  ratio  x  = 

- Jtho -  =  — hh  o —  where  the  subscripts  (Lp,0) 

denote  an  active-passive  waveguide  with  passive  length 
of  Lp  and  0  respectively.  With  the  aid  of  Eq.  3,  we  find 

L  A 
a  p  — 

X  =  — ,  p  .  In  order  to  calculate  the  threshold  ratio 
X,  LI  measurements  were  made  as  the  passive  waveg¬ 
uide  was  cleaved  to  three  different  lengths:  Lp  =  5  mm, 
Lp  =  3  mm,  and  Lp  =  0  mm  as  shown  in  Fig.  5.  From 
the  measurements  shown  in  Fig.  5  we  extract  a  threshold 
ratio  x  =  0.1.  Using  our  assumed  mirror  loss  am  =  4.4 
cm-1,  and  measured  active  waveguide  loss  a  a  =  12.3 
cm-1,  we  find  ap= 1.7  cm-1. 

The  observed  threshold  behavior  as  the  passive  waveg¬ 
uide  is  varied  therefore  demonstrates  that  ion  implan¬ 
tation  may  be  used  to  significantly  reduce  the  loss  of 
a  QCL  waveguide  from  an  initial  value  of  a  a  =  12.3 
cm-1  to  a  lower  value  of  ap  =  1.7  cm-1  after  passi¬ 
vation.  While  the  1.7  cm-1  loss  in  the  passive  section 
of  the  active-passive  integrated  waveguide  was  notably 
higher  than  the  0.3  cm-1  loss  measured  in  a  passive-only 
waveguide  (i.e.  not  integrated  with  an  active- waveguide) , 
the  discrepency  may  partially  be  accounted  for  in  the  dif¬ 
ference  in  fabrication.  The  passive-only  waveguide  struc¬ 
ture  had  been  patterned  first  and  subsequently  implanted 
whereas  the  active-passive  had  been  initially  implanted 
and  then  patterned  at  a  lower  process  temperature.  Fur¬ 
thermore,  the  active-passive  waveguide  also  contained  a 
junction  between  waveguides  in  which  the  metal  was  re- 
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FIG.  5.  Power  versus  current  (LI)  data  measured  from  a 
QCL  active  waveguide  integrated  with  a  passive  waveguide 
cut-back  to  different  lengths.  Measurements  are  shown  for  a  3 
mm  active  section  and  passive  waveguide  section  lengths  L=(5 
mm,  3  mm,  0  mm)  with  corresponding  thresholds  Ith—( 3.3  A, 
3.1  A,  2.8  A)  respectively. 


cessed  within  the  active  region  which  may  also  have  con¬ 
tributed  to  larger  losses.  Achieving  higher  yield  in  the 
active-passive  integrated  structures  along  with  an  im¬ 
provement  in  microfabrication,  particularly  at  the  junc¬ 
tion  of  the  active-passive  waveguide,  may  allow  us  to 
bridge  the  gap  and  achieve  losses  as  low  as  0.3  cm-1 
in  integrated  active-passive  waveguide  structures. 

In  conclusion,  we  have  demonstrated  reduced  optical 
loss  using  proton  implantation.  We  have  measured  losses 
as  low  as  aw  =  0.3  cm-1  in  passive  (unbiased)  proton- 
implanted  QCL  waveguides.  We  have  further  demon¬ 
strated  integration  of  an  active  and  passive  waveguide, 
and  lasing  through  a  5  mm  passive  waveguide  section 
with  losses  ap  =  1.7  cm-1.  This  low  cost  passivation 
technique  shows  promise  toward  enabling  infrared  pho¬ 
tonic  integrated  circuits  and  several  compelling  applica¬ 
tions  such  as  monolithic  beam  combining,  optical  phased 
array  ladar,  and  remote  sensing. 
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